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Introduction
Accurate position and heading information are required for successful navigation. In particular, when dealing with rolling projectiles, we must know the roll orientation in order to properly execute desired maneuvers. Requirements for on-board sensors imposed by military applications such as non-emitting sensors, high-g survivability, low cost, low power consumption, high spin rates, and small size exclude many traditional roll orientation measurement systems. Recent advances in magnetic sensor technologies have resulted in devices that operate effectively in the military ordnance environment and are capable of making high-speed, high-resolution measurements of sensor attitude relative to the earth's magnetic field when installed on freely flying bodies. The U.S. Army Research Laboratory (ARL) has included vector magnetometers in inertial sensor suites in several hundred projectile test and evaluation flight experiments since the mid 1990s. Projectile heading and roll orientation histories are derived with the use of these magnetometer data in post-flight processing (Harkins, 2003 (Harkins, , 2004 (Harkins, , 2007 Hepner & Harkins, 2001; Wilson, 2004 Wilson, , 2005 . Additionally, magnetometers have been successfully used for on-board, realtime projectile roll orientation determination in flight experiments of several projectile maneuver systems during controlled conditions.
Although these successes are noteworthy achievements, several questions need to be addressed before we conclude that magnetometers are viable roll sensors for guided projectiles. Since the derivation of roll information from magnetometer measurements depends on the solution of equations relating sensor output and sensor orientation with respect to the earth's magnetic field, these questions fall under four general headings. First, are the equations that describe this relationship robust? Second, does the hardware operate reliably and effectively in the anticipated tactical environment? Third, is solution of the equations describing this relationship practicable for applications of interest? Fourth, are there things that affect the relationship between sensor output and sensor orientation with respect to the earth's field in projectile applications? If so, can these occurrences be detected and corrected/compensated?
Following a brief description of how roll information is derived from magnetometer measurements, each of these questions is addressed in turn. I argue that the answer in each instance is yes, except in very limited cases. Therefore, I conclude that vector magnetometers are viable roll orientation sensors when properly employed.
Deriving Projectile Angles With Magnetometers
The formulation of solutions for projectile roll orientation from magnetic sensor data follows from the algebra relating the definitions of a vector describing the earth's magnetic field in multiple coordinate systems. 1 Three coordinate systems are typically used when one is dealing with inertial navigation problems for gun-and tube-launched projectiles.
The first system is a right-handed Cartesian system (I, J, K) with its origin at the launch site, which is used to describe trajectory time histories. This will be referred to as the "earth-fixed" system and the axes are defined by
• The I and J axes, which define a plane tangential to the earth's surface at the origin.
• The K axis, which is perpendicular to the earth's surface with positive downward, i.e., in the direction of gravity.
• The I axis, which is chosen so that the centerline of the launcher is in the I-K plane. Down-range travel is then measured along the I axis, deflection along the J axis (positive to the right when one is looking down range), and altitude along the K axis (positive downwards) (see figure 1 ). The second coordinate system (n,e,d) is commonly employed to specify locations on or near the earth's surface, i.e., north, east, and down. This will be referred to as the "navigation" system. The orientations of the navigation system and earth-fixed differ only by a single rotation about the vertical axis (see figure 1 ).
The third system is convenient for aeroballistic computations of rigid projectiles' flights and for describing the locations and orientations of such projectiles' components. This system is righthanded Cartesian (i, j, k) with its origin at the center of gravity (c.g.) of the flight body. For rotating flight bodies, the projectile-fixed coordinate system usually has its i axis along the projectile axis of symmetry, i.e., the spin axis (with positive in the direction of travel at launch). The j and k axes are then oriented so as to complete the right-handed orthogonal system (figure 1). Spin (p), pitch (q), and yaw (r) rates are measured about these axes. This will be referred to as the "bodyfixed" system.
The earth-fixed and body-fixed coordinate systems are related through an Euler rotation sequence beginning with a rotation of the earth-fixed frame about the K axis through the yaw angle ψ . The system is then rotated about the new J' axis through the pitch angle θ . Finally, the system is rotated about the i axis through the roll angle φ . The two systems are related by the direction cosine matrix (DCM), Eb T , with the subscript denoting earth fixed to body fixed. This transformation matrix is Figure 2 shows the three systems and the Euler angle relations between them.
When the navigation and body-fixed systems are identical (i.e., 0
projectile i axis is pointed north, the j axis is pointed east, and the k axis is pointed down.
Among the many varieties of magnetic sensors, "vector" magnetometers are devices whose output is proportional to the magnetic field strength along the sensor's axis(es). When a tri-axial vector magnetometer is installed on board a projectile so that the sensor axes are parallel to the axes of the body-fixed system, the projections of the earth's magnetic field onto each of the sensor axes can be obtained with the Nb T DCM. is the magnetic field vector in the navigation system, then the projections of the magnetic field vector along the sensor axes are given by
with
Estimating projectile roll orientation with a radially oriented magnetometer fundamentally consists in solving equation 4 and/or equation 5 for φ. The particular means of achieving those solutions may vary from application to application, depending on anticipated projectile dynamics and the availability of data from other sensors. This is discussed further in section 5.
Does the Geomagnetic Field Always Provide Roll Position?
In any real magnetic sensor, determination of axes' orientations and calibration coefficients can be a complex process but for the present, I will assume an ideal tri-axial sensor whose output is given by equations 3, 4, and 5 in order to evaluate any inherent limitations in estimating roll with radial magnetometer data. Figure 3a illustrates the geomagnetic field which, on a large scale, is continuously changing in direction and amplitude but on the scale of travel of most Army projectiles, is invariant and can be described mathematically by a field of parallel vectors as illustrated in figure 3b . For a projectile whose spin rate is large with respect to the yawing rates, the time history of the projection of the local field vector onto a radially oriented magnetometer's axis would be a sinusoid whose amplitude varies directly with the magnetic aspect angle ( M σ ), defined as the angle between the projectile spin axis and the local field vector. The frequency varies with the projectile spin rate. Figure 4 shows a representative portion of ideal output of the k axis-aligned sensor from a simulated trajectory. The signal from this sensor is referred to as Mag_K. 
Occasions When Radial Magnetometers Do Not Provide a Roll-Modulated Signal
With equation 5 giving the assumed perfect throughput of a k axis-aligned sensor, the theoretical limits on the accuracy of roll orientation estimates can be computed with the sensitivity and dynamic range specifications of a typical magnetic sensor. Logically, there are only three possible ways that a functioning, radially oriented, "vector" magnetometer on board a spinning body could fail to output a roll-modulated sinusoidal signal:
1. The spin axis is parallel to the local field.
2. The projectile is in lunar motion about the local field vector.
3. The field strength along the sensor axis is such that the sensor is either saturated or too small to register.
The first two possibilities describe geometries where the included angle between the sensor axis and the local field vector is constant. Although these are logical possibilities, they are not problems in any practical sense because both are statistical non-occurrences. Regarding the first case, every endo-atmospheric trajectory of any extent has curvature attributable to gravity-induced overturning and projectile drift. Thus, even if a projectile's spin axis were at some time parallel to the magnetic field, this would be only a rapidly disappearing transient condition.
Regarding possibility 2, this is both a statistical non-occurrence for the reason just given and an aeroballistic non-occurrence for dynamically stable projectiles. Lunar motion requires the spin rate and coning rate to be equal. Rolling projectiles are specifically designed to avoid or minimize periods of such equality to prevent spin/yaw lock-in instabilities.
Regarding possibility 3, there are two related issues at play: sensitivity and/or quantization of the sensor and the dynamic range of the sensor. ARL has been successfully using Honeywell solid state vector magnetometers in flight instrumentation packages for more than 10 years. These devices have sensitivities on the order of 10 μGauss and a range of ±6 Gauss. The earth's field varies between approximately 0.2 and 0.6 Gauss. When we do the math, unless the angle between the spin axis and the field vector is less than 0.0029 degree (i.e., sin -1 [.00001/.2]), the sensor will have an analog response anywhere on earth to the geomagnetic field. ARL typically uses a 12-bit digital system with the sensor output scaled to a measurement range of ±2 Gauss. In this setup, 1 bit = 4 Gauss/4096 = 0.00098 Gauss. When we do the math again, unless the angle between the spin axis and the field vector is less than 0.28 degree (i.e., sin -1 [.00098/.2]), the sensor will have a digital response.
Recognizing the parallel spin axis case as a particular occurrence of the signal case being too small, we estimated the percentage of the sky where no digital response will occur in a 0.2-Gauss field from the ratio of the volumes of a unit height, 0.28-degree half-angle cone and a unit radius hemisphere. This ratio was computed to be 0.000019. Restated, the earth's field is observable in endo-atmospheric flight at least 99.99881% of the time with a radially oriented magnetometer such as those used at ARL.
The case of too great a signal (saturation) will occur only if there is an induced magnetic field approximately 10 times the earth's field. Of course, projectiles should not be made from materials that can be magnetized such as ferrous steel. Excluding that, can there be occasions when projectiles fly through external fields of sufficient magnitude to saturate a sensor? We have never seen this in a flight test but can one imagine such occurrences? Would saturation occur if a projectile were to fly along a power transmission line? I do not know but I suspect that even if the answer is yes, the occurrence rate is negligible. Besides, there are always other sensors with different ranges and sensitivities that might be employed in anticipated magnetic environments.
Error Magnitudes In Roll Angle Computations
Even though equations 4 and 5 have been shown to provide roll information at all times, the question remains, how good is that information in a realizable implementation? These equations may be algebraically solvable in the abstract to yield exact expressions for the roll angle (φ ), but quantization errors in digital computations, estimation errors of the independent variables in these expressions, and inaccuracies in the knowledge of the local magnetic field are all unavoidable and contribute to errors in estimates of φ . To examine this error sensitivity, we will look at the computation of the roll position of the projectile when the k-axis aligned sensor (Mag_K) crosses the geomagnetic field.
With knowledge of the magnetic field, and knowledge of projectile elevation (θ) and azimuth ( N ψ ), we can readily obtain the roll angle(s) at which Mag_K crosses the field ( M φ ) by differentiating equation 5 and solving for the extrema of k m . Alternatively, when we realize that when k m is at a maximum or minimum, j m is zero, the roll angles when Mag_K crosses the local field are given by solving equation 4 for φ with j m = 0. Therefore, known. In order to examine sensitivity to these errors, a computer simulation was written wherein a magnetic field vector was defined and then the partial derivatives of equation 6 with respect to
, were evaluated at every potential projectile heading.
Contour plots and tabular statistics were generated to describe the results.
For example, the geomagnetic field at Aberdeen Proving Ground (APG) is inclined approximately 67 degrees down from horizontal and declined 11 degrees west of north. When The implications of these results perhaps can be better appreciated if we consider the statistics in table 1. The cumulative RSS values show that a 1-degree error in the estimates of the independent angular variables, i.e., projectile elevation, projectile azimuth, and/or magnetic field orientation, results in less than a 1-degree error in the roll angle computation in 78% of the possible projectile headings and results in less than a 2-degree error in the roll angle computation in 93% of the possible projectile headings. The statistics in table 1 give the probabilities at the various sensitivity levels when all possible combinations of azimuth and elevation angle are considered. Not all elevation angles are possible for most projectiles of interest to the Army, however. In order to compute the sensitivities for a particular application, the range of elevation angles needs to be restricted to those appropriate to that application. For example, artillery projectiles are most often launched at elevation angles less than 60 degrees and tank main guns can only be elevated to approximately 20 degrees. When the range of elevation angles is restricted to -75 degrees ≤ θ ≤ 60 degrees for artillery and restricted to -30 degrees ≤ θ ≤ 20 degrees for tank main guns, the probabilities given in table 2 resulted for potential artillery and tank projectile headings and the geo-magnetic field at APG. The decrease in error sensitivity for the artillery rounds is because some portion of the region of greater sensitivity at APG is outside the elevation angle boundaries of these projectiles. The potential range of tank-gun-launched projectiles' elevation angles is far removed from the regions of high error sensitivity at APG, as can be seen from the computed probabilities. These results demonstrate that the expected reliability of magnetic roll orientation determination depends to some degree on the envisioned application. 
Sensor Survivability
The Honeywell solid state vector magnetometers used at ARL and their supporting electronics were subjected to a range of shock and environmental testing before being included in flight instrumentation packages. These devices have survived and functioned after air gun tests at acceleration levels as great as 100 kg when unpowered. They also have been included on hundreds of flight experiments where the sensors have been powered during launch set-back accelerations as great as 49 kg (figure 9). The 49-kg launch flight test was specifically conducted to evaluate the magnetometer's survivability and functionality in the tank gun environment. Such devices are planned to be used in tank gun ammunition with greater than 75-kg launch accelerations in the near future. Figure 9 . M831 with diagnostic fuze after 49-kg launch and magnetometer-derived roll rate.
Real-Time, On-Board Solution of the Roll Equations
Obtaining roll orientation from radial magnetometer data ultimately depends on solving equations 4 and 5 for the angle φ . We begin by deriving the explicit, point-wise solution of equation 4 and then discussing alternate solution methods appropriate to particular types of projectile flight characteristics. This discussion is meant to demonstrate that a variety of methods is available for roll orientation estimation with the most appropriate method being application specific.
Explicit Solution
Solutions of equations 4 and 5 are analogous with appropriate changes of variables. Therefore, we consider only equation 4. The requirements for obtaining this explicit instantaneous solution for φ are a calibrated radial magnetometer, knowledge of the local geomagnetic field vector, M r N = (m n , m e , m d ), and knowledge of the instantaneous projectile elevation (θ ) and azimuth (ψ N ) angles. Depending on the weapon system, the projectile's instrumentation, and the projectile's expected dynamics, these requirements can be met in a variety of ways.
In a command-guided system where a projectile and target are being tracked, the heading and magnetic field parameters could be measured and the required intercept maneuver(s) calculated on the ground with a system asset. The timing and radial magnetometer values could then be transmitted to the projectile for use in an on-board guidance, navigation, and control (GNC) processor.
Regarding projectiles where the navigation solution would be computed with an on-board processor, a global positioning system (GPS)-equipped projectile could estimate its own elevation and azimuth angles. The geomagnetic field vector could be downloaded to the projectile before, during, or after projectile launch, depending on launcher and projectile equipment. With knowledge of a projectile's heading and the field vector and sufficient time before roll orientation needs to be known, a radial magnetometer easily could be calibrated in flight on board any projectile whose spin rate is high with respect to its pitching and yawing rates. Alternatively, a processor on a GPS-equipped projectile with a three-axis, calibrated magnetometer and sufficient time could solve for the local field vector before proceeding to the roll angle computations.
Another possibility is for a projectile whose anticipated heading history is well known a priori; estimated values of elevation and azimuth as functions of time could be used in lieu of GPS-derived values. These by no means exhaust the possibilities for an explicit solution of the roll equations but illustrate that many methods are possible and the preferred method should be determined for an individual application.
Projectile-Dynamics-Dependent Methods
Many inventory and developmental ordnance projectiles have an approximately steady state spin rate or a slowly changing spin rate that is high with respect to the pitching and yawing rates. For such projectiles, it is often unnecessary to explicitly solve for φ via the roll equations. If the local field is known and the projectile heading is known or estimable as discussed previously, the projectile roll orientations at the times of Mag_K field crossings can be computed for the current projectile heading with equation 6. Mag_J roll orientations at field crossings can be computed analogously. These solutions provide four roll indices per revolution, which can be identified from the extrema of the m j and m k signals. Current spin rate is obtained from period measurements, based on the times of occurrence of these same extrema. Roll orientations at other desired times are obtained by extrapolation from the last index, based on the spin rate. This implementation does not require that the radial magnetometers be calibrated and has been successfully employed in the GNC algorithms in several developmental guided projectiles.
For any spinning projectile with a calibrated three-axis magnetometer whose ballistic trajectory is primarily confined to a vertical plane, both the geomagnetic field vector and the projectile roll orientation can be estimated from magnetometer data alone (Wilson, 2006) . In this case, sufficient time is required for a recursive linear least squares solution to converge.
For a projectile whose dynamics combine both these features, i.e., an approximately steady state spin rate or a slowly changing spin rate and a ballistic trajectory that is confined to a vertical plane, the horizontal component of the local field in the earth-fixed coordinate system provides a roll index twice per revolution. This can be seen if we evaluate equation 4 for φ = 0 and φ = 180. When φ = 0, Mag_J is horizontal and oriented to the right when one is looking down range and (13)
At both orientations, the values for m j are constant throughout the trajectory and provide roll indices. These same two values will also occur for m k when that axis is horizontal, thereby providing two additional indices. As before, roll orientations at other desired times are obtained by extrapolation from the last index, based on the spin rate. In this case, calibrated sensors, the horizontal components of the earth's field, and the projectile line of fire are required. Similarly to the explicit solutions, these examples by no means exhaust the possibilities for dynamicsdependent solutions, and the preferred method should be determined for an individual application.
Non-Geomagnetic Field Sensor Stimuli
Until now, all the discussion has assumed ideal vector magnetometers whose output is directly related to the projection of the geomagnetic field onto the sensor axes as described by equations 3, 4, and 5. The final question regarding the viability of roll orientation derivation from magnetic sensor data to be addressed in this report is "Do these equations completely describe projectileborne vector magnetometers' output?" If not and the sensors are reacting to additional stimuli other than the earth's magnetic field, can the additional contributions be detected and isolated from the contribution attributable to the earth's field?
Throughout a variety of laboratory tests and post-flight analyses of the Honeywell vector magnetometers, we have never observed any measurable effect on these devices' output because of temperature, shocks, or dynamic g-loads. In short, the output of these devices has only and always been proportional to the magnetic field strength along the sensors' axes. Unfortunately, in projectile-borne sensors, there are a number of additional potential contributors to the magnetic field strength along the sensor axes besides the local geomagnetic field. These contributors can broadly be described as magnetic fields independent of the projectile and magnetic fields related to the projectile.
Projectile-Independent Magnetic Fields
Naturally occurring magnetic fields associated with iron magnets and lodestones have been known since ancient times 2 . Evidence of an electromagnetic field was first observed in 1820 by Hans Christian Oersted. If any of these sources were to be close enough to a projectile-borne magnetometer, the local magnetic field would be the vector sum of the geomagnetic field and those associated with all the other sources. In such cases, the geometric relationship between sensor output and the navigation coordinate system would be corrupted.
In October 2006, flight experiments were conducted in ARL's transonic experimental facility at APG to characterize the flight dynamics of a medium caliber projectile as part of a research project at ARL. These experiments were conducted within an enclosed range building to eliminate the effects of any winds and to take advantage of the range instrumentation. The projectiles were instrumented with a number of sensors, including a radially oriented magnetometer. Figure 10 shows the magnetometer output from one such flight experiment and figure 11 shows what the output would have been if the same trajectory had been flown outdoors. The sensor output in figure 10 evidences not only the presence of additional magnetic fields besides the geomagnetic field but attenuation of the geomagnetic field within the building. Projectile roll rates were successfully derived from the radial magnetometer data in these indoor flights, but projectile orientation could not be accurately estimated from the magnetometer data. Clearly, magnetometers are not good roll orientation sensors indoors. Without having made any quantitative measurements, I nonetheless expect that magnetometer-based orientation estimation would not be successful within any intensely developed urban environment. This limitation would not necessarily exclude the use of magnetometers because some ordnance projectile trajectories (e.g., mortar and artillery) would likely include portions at sufficient stand-off distances from these magnetic fields. Orientation information derived during these times could be used to maintain roll estimates during periods of magnetometer corruption. This technique has been successfully demonstrated with flight data at ARL. In a laboratory measurement taken during calibration procedures for a fuze-configured instrumentation package (see figure 12) , effects of an external electromagnetic field were observed in recorded sensor data ( figure 13 ). This and other similar instrumentation packages are generically referred to as diagnostic fuzes or DFuzes (Davis et al., 2004) and are often used in flight experiments to characterize air frame and GNC system performance. In this particular procedure, a DFuze was attached to a large direct current spin motor to calibrate some spin rate sensors. After data recording began, the motor was powered and the fuze began to spin at an ever-increasing rate until the power was turned off. The motor was then allowed to de-spin until it stopped, whereupon recording was terminated. Magnetometer data evidenced both a growth in amplitude with spin rate and a bias shift at the instant the power was turned off. Since these effects were observed, ARL has performed subsequent spin calibration measurements using a pneumatic motor. Figure 12 . Diagnostic fuze. Figure 13 . Magnetometer data taken with spin motor.
Projectile-Related Magnetic Fields
Electromagnetic and naturally occurring fields are of concern for magnetometers embedded within projectiles. Additionally, other magnetically related properties of the materials from which any given projectile is manufactured can and will affect sensor output. Most military ordnance projectiles are made (at least in part) of metal of some kind. Many of these metals have static and dynamic magnetic properties that are of concern for embedded magnetometer performance. Among the static properties, some metals (e.g., ferrous irons) are capable of being magnetized. Figure 14 shows radial magnetometer data from a flight experiment where the sensor was installed within a cylindrical section made of ferrous steel. The sensor offset and gain were intended to center the sensor output signal in the 0-to 6.5-volt range, but the unanticipated permanent magnetism of the ferrous body created a signal bias that resulted in the roll-modulated signal from the geomagnetic field being saturated at the upper end. Permeability is another static material property to be considered. In a laboratory experiment where two magnetometers were placed in a rotating magnetic field with one sensor in the open and the second within a ferrous cylinder, the data shown in figure 15 were recorded. Both sensors had similar gains. The black curve is the output from the sensor in the open and the red curve is the output from the embedded sensor. The field strength along the axis of the embedded sensor is attenuated by almost an order of magnitude. Besides the obvious prohibition of embedding magnetic sensors within impermeable materials (e.g., μ metals), material permeability clearly needs to be considered for any application where magnetic field strength is going to be measured with embedded sensors. Electromagnetic fields generated by on-board power sources and electrical components can be sources of magnetic sensor corruption. Small electric motors such as that seen in figure 16 are used for canard control in a number of guided projectiles and can create significant magnetic fields. When possible, magnetic sensors should be isolated from these electromagnetic fields by distance or by shielding. When this kind of packaging solution is not achievable, it may still be possible to compensate for the electrically generated fields because they would presumably be predictable and knowable. To date, corruption of this type has never been observed in any flight experiments at ARL.
The depth to which a magnetic field penetrates materials also has a frequency dependency, as can be seen in figure 17 . The propagation rate of the external field through these materials also varies directly with frequency. Thus, the output signal of a magnetometer enclosed within a body made from any of these materials would attenuate and lag with spin rate. When electrical conductors are moved within a magnetic field, electric current is generated within these conductors and additional magnetic fields result. The potential effects of induced current on magnetometer output can be seen in figure 18 (Perry & Jones, 1978) . This figure shows the effects of induced eddy currents on the external and internal flux distribution when a permeable solid cylindrical shaft is rotated in a stationary magnetic field. This chart illustrates the effect of projectile rotation on the internal field that an embedded sensor might "see". The parameter R m is called the magnetic Reynolds number and is a standard measure of a material's susceptibility to these eddy current effects. Figure 18 shows the flux distribution for increasing magnetic Reynolds numbers at a constant frequency, but a similar progression of field deformations would apply to a constant material at increasing spin frequencies. Thus, the output signal of a magnetometer exposed to these effects would attenuate and lag in roll angle orientation with respect to the external field. Although the degrading effects on magnetometer performance of external fields, static magnetic properties, and on-board electronics seem to be reasonably avoidable or capable of correction, dynamic effects such as eddy currents are certainly not avoidable because they are inherent in many of the materials from which ordnance projectiles are necessarily made. In order to experimentally evaluate the feasibility of correcting for these types of effects, a specially configured DFuze with two three-axis magnetometers and a number of test fixtures were designed and manufactured at ARL. The two magnetometers were placed near the fuze centerline at the longitudinal locations indicated by the dots on figure 19 . A right cylindrical test fixture into which the DFuze would be threaded and which would itself thread into a pneumatic spin motor was designed. This design is shown in figure 20 . When the DFuze is fully screwed into the cylinder, the magnetometer at the aft end of the DFuze is embedded approximately 2 inches within the cylinder and the forward magnetometer is approximately 1 inch forward of the cylinder. Cylinders of this geometry were machined from plastic, aluminum, hardened steel, and stainless steel with at least two copies made for each of the metal cylinders. The tests were conducted outside, far removed from potential corruptors of the geomagnetic field with the DFuze installed on each of the cylinders in turn. Typically, data recording began, air was supplied to the motor to begin spin-up, the air was shut off at some point, the apparatus was allowed to de-spin, and data recording was then stopped. Data were taken on multiple occasions and at different orientations of the air motor with respect to the geomagnetic field. Representative data showing the amplitude effect of spin rate on magnetometer output are shown in figure 21 . These data are for one of the aluminum cylinders. The left-most plot gives the spin rate as a function of time for a 65-second interval. The spin is seen to apparently linearly accelerate to a peak rate of nearly 60 revolutions per second at about 19 seconds and then to more slowly decay after the air is turned off. Although they may look like Rohrshach test cards, the radial magnetometer output graphed in the center and right-most plots are actually sinusoids whose frequency is so high that the individual roll periods are indistinguishable on this scale. The important observation to make is that the envelope of the data for the external magnetometer is constant and the envelope of the data for the embedded magnetometer decreases with spin rate. The magnitude of this rate dependency was the same for both aluminum cylinders. Analogous results were obtained for the other metal cylinders, and no effect on amplitude was observed for the plastic cylinder. In order to evaluate the effect of spin rate on magnetometer output lag, an inertially stable roll index was required for comparison with magnetometer-derived roll information. This was provided by output from the four optical sensors placed around the DFuze circumference at the same longitudinal location as the external magnetometer. Two of these sensors can be seen in figure 19 , one on either side of the green dot. These sensors are designed to have essentially no output unless aligned with a bright light (in our case, the sun). The polarity and gain of each of the four sensors are varied so the sun crossings for each individual sensor can be identified. Although the sun is constantly moving relative to the earth, for a spin test of approximately 1 minute duration, the sun position is essentially fixed. Because orientation of the spin axis was fixed throughout each test and the solar sensor system has no appreciable latencies, the solar crossings provided reliable roll indices. We eliminated differences in sun position among the individual tests by normalizing all the data through bias shifting of the roll angle at the solar crossing to the geometric roll angle of the geomagnetic field crossing. Figure 22 shows a representative sample of data from the embedded magnetometer (black curve) and the solar sensors (red curve) for an experiment with the DFuze installed on an aluminum cylinder. In each projectile roll period, there are four spikes on the solar sensor curve. The larger amplitude, positive spike (solar sensor 1) was used as the roll index; each roll period began at the crossing time of solar sensor 1; the roll rate was estimated by the reciprocal of the times between successive crossings of solar sensor 1. Within each roll period, the roll orientation was estimated from the time at which the magnetometer maximum occurred between the times of the neighboring solar sensor crossings. After the data from several tests with different cylinders at different times were normalized, these relative roll orientation measurements were plotted versus spin rate (figure 23). This plot provides a direct comparison of the spin rate-related lags for the four materials from which cylinders were made.
The output from the external magnetometer, labeled "Mag in Fuze Body" on figure 23, has some lag because the DFuze body used in these experiments is made from aluminum. In the near future, ARL hopes to design and build a sensor housing made with plastic or some other suitable material with no static or dynamic magnetic properties that affect embedded sensor output. In figure 23 , the plastic-embedded sensor output is the same as that from the external sensor. The aluminum, hardened steel, and stainless steel embedded sensors each have lag to different degrees. Figure 24 shows the analogous results from data taken for two of the three stainless steel cylinders. This plot demonstrates the crucial result supported by all the experiments conducted to date that the dynamic magnetometer-output-affecting phenomenologies are repeatable for the same materials within the manufacturing tolerances of the test cylinders.
In the tests conducted thus far, there has been no evidence of any other independent variable contributing to dynamic magnetometer output effects besides spin rate and cylinder/projectile materials. When the new sensor housing is made, ARL plans to undertake a test matrix of materials, field strengths, and spin rates that will hopefully support this conclusion. If this proves to be true, we can easily compensate for these effects by measuring spin rate and applying appropriate corrections to magnetometer output in both amplitude and lag. With these corrections, the orientation measurements described in section 5 can be realized. In a projectile development program conducted during 2006 (Struck, 2007) , ground measurements of magnetometer output lag were made with an apparatus capable of spinning the entire free-flight projectiles. Sensor data such as those seen in figures 23 and 24 were collected, and lag corrections based on these measurements were implemented in the on-board maneuver mechanism control algorithm. Each of the five test projectiles maneuvered in the desired directions. This result, combined with the repeatability demonstrated in figure 24 , provides evidence that supports the possibility of making a representative ground measurement to characterize and effectively compensate for dynamic magnetic effects for all similar projectiles.
Summary
The mathematics of achieving usable orientation estimates from embedded vector magnetometer output depend on accurate determinations of the projections of the geomagnetic field onto the magnetic sensors' axes. These sensors' output are potentially affected by stimuli other than the geomagnetic field. In every ground and flight experiment conducted to date, the projections of the geomagnetic field onto the magnetic sensors' axes could be determined if the other stimuli were eliminated or if the other stimuli were compensated. Further testing and analyses are necessary before these results can be termed definitive, but I am at this time optimistic that magnetometric orientation estimation can be a viable component of a low-cost projectile GNC system. 
